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 The exoskeletal cuticles of insects are made of materials that could have a wide range of 
material properties, leading to numerous structures and surfaces with selective advantages. Some 
of them are functional specifically for interacting with other biological structures or the 
environment. This thesis presents two hybrid experimental/theoretical investigations of how the 
exoskeletal structure and surface of beetles help mediate their interaction with other objects, to 
achieve certain functions that make them advantageous in their habitats. 
 The first study investigates the morphology, stiffness and stress distribution in the click-
beetle peghold, which works in connection with the mesosternal lip to maintain the beetle body 
in brace position, while elastic energy is being stored in other body parts. The work confirms that 
the unique morphology of the peghold results in a stiff and robust structure that is able to 
withstand significant energy storage without material failure while maintaining the body in brace 
position. The peghold is the key exoskeletal structure for the beetle to achieve explosive “jump” 
that have liberating and self-righting functions. 
 The second study investigates the tribological and wettability properties of diffraction 
gratings present on the outer surfaces of various iridescent ground beetle species, in comparison 
to their counterparts without diffraction gratings. The diffraction gratings on ground beetles are 
hypothesized to modify frictional performance and degree of wettability, that helps mediate the 
beetles’ interaction with fibrous and soil surfaces in environment. From the scanning electron 
microscopy, goniometry and tribological studies, iridescent species within the Scarabaeidae 
family have both significantly modified friction coefficient against fibrous surface and contact 
angles. The degree of wettability also has an effect on adhesion force onto wet surfaces. Thus, 
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CHAPTER 1: OVERARCHING INTRODUCTION 
 Insects are a group of over a million species that are known to have the hardest body part 
at the outside of their body. It is called exoskeleton, in contrast to internal skeleton of other 
animals such as human. Depending on factors such as chemical composition, insect exoskeletal 
cuticles can have a very wide range of material properties, for example, Young’s modulus from 1 
kPa (soft cuticle) to 20 GPa (hard cuticle) [1]. Because of this, insects are able to have outer 
surfaces and structures that possess numerously various properties and specifically serve many 
unique functions. Some of the cuticles form exoskeletal structures possessed by insects, that are 
able to interact with other body structures and muscles, to store and release energy rapidly and 
explosively. This phenomenon can be found in trap-jaw ants [2] and mantis shrimps [3]. Other 
exoskeletal cuticles, although they do not directly interact with another body parts, are often 
architected for the advantages when interacting with the environment. The development of 
microscopy has led to discovery of numerous microstructures and microfeatures on the 
exoskeletal cuticles, which could achieve superhydrophobic properties and friction reduction that 
have self-cleaning, droplet jumping, antimicrobial and soil adhesion reduction functions [4 - 6]. 
This thesis describes two recent investigations focusing on the mechanical and tribological 
properties of exoskeletal structures and surfaces in insects, namely beetles. The first one is an 
example of an exoskeletal structure of click beetles, the peghold, which both the morphology and 
mechanical properties contribute to function as a stiff and robust structure in interaction with 
another body part, the mesosternal lip, that forms the latch system in a complex biological hinge. 
The system is able to brace the body while storing elastic energy, and release the stored energy 
rapidly to achieve an explosive “jump” that results in ballistic motion of the click-beetle [7]. The 
second one is an example of beetle exoskeletal surfaces architected specifically for 
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multifunctionality in interaction with the environment. For beetle species across multiple 
families, the surfaces have different patterns of nanoscale surface sculpturing that arise 
diffraction gratings, but some of them simultaneously modify the wettability and tribological 
properties of the surfaces, which could mediate the beetles’ interaction with environment, 
especially when burrowing under leaf litter and decayed woods. 
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PART 1: MODELING OF CLICK BEETLE PEGHOLD MORPHOLOGY AND 
INVESTIGATION OF ITS BENDING STIFFNESS1 
CHAPTER 2: INTRODUCTION 
The first example of how insect exoskeleton is used to function as a structure to interact 
with other objects is the use of exoskeletal structures in the thoracic hinge of click beetles, in 
order to brace their body and maintain the brace position while storing energy in elastic body 
parts [8, 12 - 14]. In this example, the exoskeletal structure functions to interact with another 
exoskeletal structure, which forms a latch mechanism. The latch mechanism, which is part of a 
complex hinge system, consists of a peghold that protrudes from the ventral prothorax and a 
mesosternal lip at the anterior of the mesothorax (Figure 1A). Through a unique interaction from 
the exoskeletal contact between a “friction plate” located on the dorsal surface of the peghold 
near the tip and the mesosternal lip, the click beetle could brace its body to store energy, which is 
then released to achieve an “explosive” jump or snap. The term “click beetles” describes nearly 
about 10,000 species, which has the unique ability to make the “clicking” sound by quickly 
snapping their bodies [12]. Several hypotheses have been proposed to explain the function of this 
snapping or clicking ability, including communication or deterrence [13], or to liberate the body 
from its pupation substrate in decaying wood or soil [14 - 16]. Since the snap as a jump from a 
horizontal surface does not result in a large lateral distance traveled (typically less than 50 cm) 
[17], it is unlikely that the jump is effective for escaping predators. In fact, when threatened, 
click beetles more often appear dead or flee [18]. The snap maneuver may also have a 
locomotion function, which allows for self-righting using a launch into a relatively open area. 
                                               
1 The majority of this part is a review of a published manuscript [7, 21], which is in collaboration with Prof. Aimy 
Wissa and her PhD student, Ophelia Bolmin, in the Department of Mechanical Science and Engineering. The 
experimental data were collected by Ophelia Bolmin and my advisor, Prof. Alison Dunn. My work in this part is the 
analysis based on the data. 
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Regardless of the specific function of the snap maneuver, the complex hinge system accelerates 
the entire beetle body to a high speed [9, 19 - 21]. Also, after the snap maneuver, the click beetle 
is usually able to return from supine (dorsal-side-down) to prone (dorsal-side-up) orientation. 
Therefore, the self-righting functions of this hinge system could have engineering applications 
such as the design of a self-righting robot that moves with legs and wheels. If, under accidental 
situations, the robot is unable to maintain its working body orientation, the hinge system could 
perform the jump and reset its body orientation. 
This work is mainly interested in the stage before the snap, where the body is supine, and 
the prothorax is rotated around the hinge until the body reaches a brace position [21]. During the 
process, the peghold retracts from a cuticular cavity on the mesothorax, slides up a smooth guide 
({ii} in Figure 1B), and leans on the mesosternal lip ({i} in Figure 1B). This retracted position is 
a “latched” or “brace” position because the geometry on the mesosternal lip restrains the 
peghold, bracing the body position while muscles may continue to contract internally. As the 
muscle contraction continues, the energy stored in the beetle body increases significantly, but the 
latch mechanism needs to keep the body braced. To maintain the brace position during elastic 
energy storage before the snap, the exoskeletal structures must be stiff enough so that the 
deformation is small under significant energy storage. This work determines specifically how the 
peghold morphology, along with its interaction with the mesosternal lip, give rise to a stiff 
exoskeletal structure to maintain the beetle body in brace position and prevent mechanical 
failure. The peghold stiffness is determined by utilizing a mechanical model with appropriate 
assumptions, using the dimensional and force measurements of the peghold done by Bolmin et 





Figure 1. (A) The click-beetle body can be divided into two subunits linked by a hinge, which 
contains a latch contact of the peghold and mesosternal lip. (B) During the pre-jump stage, the 
peghold retracts from the cuticular cavity and latches on the mesosternal lip, moving from the 
resting position {ii} to the brace position {i}. The brace body position is maintained by the 




CHAPTER 3: MATERIALS AND METHODS 
3.1 SAMPLE PREPARATION AND DATA COLLECTION 
 The samples used in this study were belong to Alaus oculatus (n = 1) and Melanotus 
communis-species complex (n = 4). The samples were prepared, and all the raw data used in this 
study, involving dried weight measurements whole beetle bodies, length measurements and 
cross-sectional images of the pegholds, as well as force measurements of the pegholds from 
relaxed position to braced position, were collected by Bolmin et al. [7]. All of the following 
modeling and analysis procedures were done based on these data. 
3.2 DESCRIPTION OF PEGHOLD MORPHOLOGY 
 Cross-sectional images for the pegholds of all samples used in this study were taken by 
Bolmin et al. [7], using computerized tomography (CT-scan) (CT Lab GX130, Rigaku 
Corporation, Japan) in the Microscopy Suite, Imaging Technology Group, Beckman Institute for 
Advanced Science and Technology, University of Illinois at Urbana-Champaign. Images of the 
peghold cross-sections were taken every 0.02 mm along the pegholds, resulting in 30 – 50 cross-
sectional images along the pegholds for each sample. Each CT image, initially in gray-scale, was 
converted to binary image using built-in functions of Matlab (MathWorks, Natick, MA), where 
the pixels with cuticular material were shown in white and those without cuticular material were 
shown in black. Total lengths of the pegholds were determined by Bolmin et al. [7], from 
scanning electron microscopy (SEM) of the samples using Philips XL30 ESEM-FEG in the 
Imaging Technology Group, Beckman Institute for Advanced Science and Technology, 
University of Illinois at Urbana-Champaign. 
 To describe the unique morphology of each peghold mathematically, second moment of 
area (I) was used to quantify the distribution of cuticular mass in each cross-section, with the 
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assumption of uniform density distribution of cuticular material in the peghold. To calculate 
second moment of area, the neutral position in each cross-sectional image was determined by 
finding the position along the dorsal-ventral axis where the material mass above it is the same as 
that below it. Area of each pixel were then determined by converting its pixel area to real area 
using the conversion factor in pixels per mm, which was calculated by measuring the pixel 
length of scale bars on the image using ImageJ [22] and dividing it by the real length of scale 
bar. Second moment of area of each cross-sectional image was thus calculated by summing the 
second moment of area of each single white pixel with respect to neutral position using parallel 
axis theorem, given by 
   (1) 
where Icross-section is the second moment of area of the whole cross-sectional image, Ii is the second 
moment of area of each pixel with respect to the neutral position, Apixel is the area of each pixel 
and di is the distance between each pixel to the neutral position. 
Further, the distribution of second moment of area along the whole peghold length for 
each sample was plotted, and the exponential function was fit to each plot to describe the 
decreasing trend of mass distribution along the length of the peghold toward the distal end. An 
exponential decay functional form, 
   (2) 
was chosen because it provided the most accurate fit for all species. C is the multiplier 
coefficient, and d is the decay coefficient, which indicates how quickly the peghold tapers.  
 
 








3.3 ANALYTICAL MODEL OF PEGHOLDS 
Based on the postulate that the shape of the peghold and mesosternal lip combine to 
effectively brace the body in preparation for the snap, a mechanical model was required in order 
to quantify the response of the overall structure to applied forces. The mechanical model 
assumptions, including linearity, boundary conditions, and loading behavior, were based on the 
morphology, constraints and function of the latch structure. In the aspect of morphology, the 
peghold protrudes posteriorly from the ventral side of the prothorax and has small cross-sectional 
dimensions compared to its length. Those dimensions, along with its growth axially from the 
prothorax, indicate its structure as a cantilevered beam. In the aspect of constraints, the friction 
plate near the end of the peghold is the contact surface with the mesosternal lip; the other end is 
fixed to the prothorax. Therefore, the peghold was modeled as a fixed-free cantilevered Euler-
Bernoulli beam with non-uniform cross-section [23] (Figure 2). In the aspect of function, the 
latching of the peghold onto the mesosternal lip prior to the snap is analogous to a snap-fit 
mechanism where an angled end of a beam is pushed over a ledge to snap into a fixed position. 
In this mechanism, the peghold is the beam, the friction plate is the angled end, and the 
mesosternal lip is the ledge. Therefore, during the latch process, the function of the peghold is to 
be bent slightly by a perpendicular load applied at the friction plate, so that it can reach brace 
position. In the model, the perpendicular load was simplified as a point load applied at the free-
end of the beam. The small deflection of the peghold satisfies the small deformation assumption 
required to apply the model correctly. To gain more insights about the mechanical properties and 
functions of the peghold in the latching mechanism, the deflection, bending stiffness and stress 
distribution should be determined. 
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The deflection of the peghold perpendicular to its neutral axis could be determined from 
the Euler-Bernoulli beam bending model. The beam bending model is governed by a second-
order ordinary differential equation (ODE), which relates the second-order derivative of the 
transverse deflection, w, to the bending moment, M, using the coefficients of flexural rigidity. 
Flexural rigidity is the product of the Young’s modulus, E, and the second moment of inertia of 
the beam, I(z), which is a function of longitudinal position along the peghold length, z.  
   (3) 
The model was simplified by considering bending and deflection along the dorsal-ventral axis 
only (the x-axis in Figure 2), and by assuming that loading is applied at a point namely at the tip 
of the peghold. Those simplifications lead to M as a simple function of the tip load, P, and 
length, lpeg, given by [24] 
   (4) 
The transverse deflection along the beam can be expressed in analytical form by substituting Eq. 
4 into Eq. 3 and integrating both sides, resulted in 
   (5) 
where a and b are the integration constants from the initial indefinite integral (Eq. 3).  
Eq. 3 was solved numerically for the transverse deflection (w) using a Matlab built-in 
function, ode45, with appropriate boundary conditions. Young’s modulus (E) was determined 
from Vincent and Wegst [1]. The second moment of inertia (I(z)) and the length (lpeg) were 
derived from CT-scans and SEM data. A higher flexural rigidity (EI), means a more rigid 
structure suitable for structural elements. The load at the peghold tip (P), which would be 









I(z)∫∫ dz +az +b
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during latching process before the peghold reaches brace position. This force was estimated by 
Bolmin et al., using a micromechanical experiment that traces force change at the moment when 
the peghold enters brace position while pulling the prothorax dorsally [7]. With all quantities in 
Eq. 1 defined, the transverse deflection of the peghold as a function of the peghold length, w(z), 
was determined. The equivalent bending stiffness of the peghold was defined as the ratio of the 
tip load, P, to the transverse deflection at the tip, w. 
 
Figure 2. The ventral peghold is well-described by a cantilevered beam with fixed-free boundary 
conditions. The beam has a non-uniform cross-section. At brace position, force is applied on the 
friction plate (S); the model simplifies it as an applied force near the tip (P) [7]. 
3.4 STRESS ANALYSIS OF PEGHOLDS 
 The stress analysis of the peghold under the force applied on friction plate, in addition to 
its bending stiffness, would provide more insights about how the peghold performs as a stiff and 
robust structure that could withstand the high elastic energy while maintaining the brace position. 
When the peghold is under bending as a cantilevered beam, there will be normal stress induced 
and distributed along the length of the peghold. The magnitude of maximum normal stress, either 
tensile or compressive, at a position along a beam is given by [25] 





which is related to the bending moment (M), the second moment of area (I) and the distance 
from the upper or bottom surface to the neutral position (c) at the position. In connection with the 
mechanical model of the peghold, the bending moment and the second moment of area at any 
given position along the peghold are given by Eq. 2 and Eq. 4, respectively. The distance (c) 
could be determined from the cross-sectional images taken by Bolmin et al., by finding the pixel 
distance from the uppermost (or bottommost) point to the neutral position and converting to real 
distance. From the loading scenario (Figure 2), the ventral (top) surface of the peghold would 
have maximum compressive normal stress, and the dorsal (bottom) surface of the peghold would 
have maximum tensile normal stress. The maximum tensile and compressive normal stress with 





CHAPTER 4: RESULT 
4.1 PEGHOLD MORPHOLOGY RESULT 
The pegholds for all samples studied have the largest cross-section at the base where it 
protrudes from the ventral prothorax, and the cross-section slowly tapers to a small end; 
representative cross-sectional images were drawn from five locations along the peghold of a 
Melanotus spp. sample (Figure 3A), and the corresponding cross-sections (Figure 3B) show this 
in detail. Cylindrical cavities that followed the external contours could be identified on the cross-
sections near the base of the pegholds. They vanished near the distal end of the pegholds. A 
representative scattered plot of 30 second moment of area values calculated from the cross-
sectional images of this sample versus the position along the peghold where each image was 
taken is shown in Figure 3C. The data was fitted using an exponential decay function (Section 
3.2). For the representative data, shown in Figure 3C, the decay coefficient is 5.01 mm-1. The 
average decay coefficient for the Melanotus spp. (n = 4) is 3.99 ± 1.99 mm-1 and for the A. 
oculatus (n = 1) is 0.53 mm-1. Normalizing these coefficients by the length gives 2.74 and 1.66 
for Melanotus spp. (n = 4) and A. oculatus (n = 1) respectively.  These values indicate that the 
pegholds of Melanotus spp. generally taper more quickly than those of A. oculatus. For the larger 
species, the peghold appears to have more uniform cross sections, though they still exhibit a 





Figure 3. The rigid pre-jump brace position is accomplished in part by the geometry and stiffness 
of the peghold. (A) The cross-section of the peghold along its length determines its stiffness. The 
cross section, including interior features, was measured at up to 30 locations along the peghold 
(5 of these 30 locations are represented by the dashed lines). (B) Representative CT scan images 
of a Melanotus spp. individual (sample #3, Table 1) were thresholded, and the shape of the solid 
components are shown in white; near the base of the peghold (left image) it has the largest cross-
section. An intermediate section is similar in outside diameter with a changing interior cavity, 
and the smallest cross-section occurs at the end (right image). (C) The second moment of area, I, 
is a metric that describes the distribution of mass, which leads directly to the stiffness. The 
second moment of area for all images in the representative samples is shown here; decreasing 
second moment of area corresponds directly to the decreasing cross-sectional area of the 




4.2 PEGHOLD FORCE, DEFLECTION AND STIFFNESS RESULT 
 From the micromechanical experiments carried out by Bolmin et al. [7], a force drop 
(Table 1) on the order of 10-3 N was confirmed for all samples at the moment when the peghold 
reaches the brace position. This corresponds to the slip of the friction plate on the peghold into 
the divot on the mesosternal lip, and therefore brings the deformed peghold to the unloaded 
shape. Thus, the force drop indicates the maximum perpendicular force applied on the peghold 
during latching process, which is simplified as the tip load (P) in the mechanical model. 
 When these forces are input into the mechanical model (Eq. 3 and 4) that already includes 
the specific peghold geometry for each specimen, the expected peghold deflection (w) can be 
calculated for all locations along the length of the peghold, which begins at the base of the 
peghold (z = 0) and extends to the distal end (z = lpeg). The peghold length measurements are 
recorded in Table 1. The deflection results, as functions of the peghold axial position (z), for all 
Melanotus spp. samples studied are plotted in Figure 4A. The result for each sample is shown as 
an area rather than a single curve because Eq. 3 was solved for a range of Young’s modulus, E = 
6-8 GPa, according to Vincent and Wegst [1]. 
The equivalent bending stiffness of the peghold as a beam is defined as the force drop, P, 
per unit of tip deflection, w, shown in Table 1. In Figure 5, the bending stiffnesses are plotted 
against the dry body mass of the samples desiccated in a Chicago Surgical & Electrical Co. 300 
oven for approximately 10 days, measured by Bolmin et al. using a Fisher Scientific Accu Series 
scale [7] (Table 1). It can be observed that in general, beetles of larger body mass have lower 






Figure 4. The deflection of the peghold is an indication of its stiffness. (A) Plot showing the 
peghold deflections of all four individuals from the Melanotus spp., considering the uncertainty 
in Young’s modulus of insect cuticle. (B) Plot showing deflection of a sample peghold with point 









Figure 5. Plot of calculated peghold stiffness versus the dry mass of all beetle samples studied in 
this work. This plot shows that the smaller beetles in the Melanotus spp., on average, have a 
peghold with a higher stiffness than that of the larger species A. oculatus. Error bars indicate the 













Table 1. Dry body mass, peghold length and force drop measured by Bolmin et al. [7], as well as 
deflection at tip and bending stiffness calculated for the 5 samples studied in this work. 












19.1 0.6 1.3 5.7 ± 0.95 2.29´105 ± 0.03´105 
Melanotus 
spp. #2 
28.7 0.6 2.5 17.2 ± 2.9 1.45´105 ± 0.02´105 
Melanotus 
spp. #3 
28.9 0.8 2.6 25.2 ± 4.2 1.03´105 ± 0.02´105 
Melanotus 
spp. #4 
27.6 0.7 2.1 9.2 ± 1.5 2.29´105 ± 0.03´105 
Alaus 
oculatus 
359.0 3.1 5.2 115.4 ± 19.2 0.45´105 ± 0.01´105 
4.3 STRESS ANALYSIS OF THE PEGHOLD RESULT 
 The induced normal stress equation (Eq. 6) was used to determine the stress distribution 
along the length of the pegholds of all samples studied. The distribution of maximum tensile 
stress at the dorsal surface and the maximum compressive stress at the ventral surface is plotted 
against the corresponding position along the length of peghold, shown in Figures 6A and 6B, 
respectively. Some curves are non-monotonic because of the non-uniform morphology of the 
pegholds, which leads to variation in the measurements of distance from ventral/dorsal surface to 
neutral axis (c in Eq. 6). For every single sample, the compressive and tensile stress distribution 
are of similar values. It could be found that the maximum compressive and tensile stresses for all 
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samples studied are in the same order of magnitude, around 80 – 300 kPa. The tensile strength 
for typical insect cuticles can vary from single megapascals to about 20 MPa [1, 43], which 
results in a factor of safety of more than 70 to tensile fracture. The stresses are lower for the 
larger species (A. oculatus) than the smaller species (Melanotus spp.) under their specific loading 
conditions determined from micromechanical experiment [7]. In addition, for every species, both 
the maximum compressive stress and tensile stress along the peghold length are around the 
middle of the peghold, while the base and distal end have small stress magnitudes. The stress 
near the distal end is small because the bending moment, given by Eq. 4, is small; the small 
stress near the base is contributed by both the large second moment of area due to the cross-
section tapering, as well as the moderate values of distance between the dorsal and ventral 
surfaces to neutral position. 
 
Figure 6. Plots showing (A) compressive (at the ventral surface of the peghold) and (B) tensile 
(at the dorsal surface of the peghold) normal stress distribution along the length of the peghold, 
for all samples studied in this work. 
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CHAPTER 5: DISCUSSION 
5.1 MECHANICAL PROPERTIES OF PEGHOLDS AS BEAMS 
The tapered geometry of the peghold as well as the internal cavity has a unique advantage 
in structural rigidity, stress management, and localized deflections. This is shown by comparing 
the deflection profile (the curve of w(z)) of an engineering beam compared to that of the peghold. 
The engineering beam was constructed with a length equal to that of a representative sample 
peghold, as well as a uniform cross-section that has the average second moment of area of the 
sample peghold. The comparison of the deflection profile between the engineering beam and the 
sample is shown in Figure 4B. The deflections at the tips are the same for both the peghold and 
the engineering beam; however, over a vast majority of the length farther away from the tip, the 
deflection of the engineering beam is significantly larger than that of the peghold. This indicates 
that the deflection is localized near the end of the peghold. Furthermore, the stress analysis result 
(Figure 6) shows that for all samples studied, both the compressive and tensile normal stress are 
concentrated around the middle portion of the peghold, where the bending moment is moderate. 
This is caused by the combination of cross-sectional tapering and the linear-varying bending 
moment along the peghold, and could provide more insights about the peghold as a stiff and 
robust structure in the latch mechanism. For an engineering beam with uniform cross-section, the 
normal stress along the beam is directly proportional to the bending moment only. With the 
bending moment given by Eq. 4, the normal stress of an engineering beam will be concentrated 
at the cantilevered base, making the beam likely to fail at the base due to high moments. The 
normal stress for a peghold would instead concentrate on the middle locations where the bending 
moment is lower, thereby making the peghold unlikely to fail like typical engineering beam. 
Also, the maximum tensile stress on the peghold samples studied in this work is around 80 – 250 
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kPa, resulting in a factor of safety of more than 70 to tensile fracture. At the positions where the 
stress is not concentrated, such as at the base and near the distal end, the factor of safety is even 
higher. Cuticular material of the click beetle peghold is able to withstand a much higher (more 
than 70x) load than it normally does to achieve its function. This means that the material is not 
likely to fail in normal conditions and could withstand a much higher load. In addition, the 
gradual connection between the peghold and the prothorax is analogous to fillet in engineering 
design, which serve to further minimize any stress concentrations due to drastic change of the 
size and shape near the base of the peghold. The minimization of stress concentration near the 
base would increase the toughness of the peghold in response to any accidental load on the 
peghold, and therefore makes the peghold a robust structure in the latch system. Finally, the 
slope of the peghold deflection profile is steeper towards the end of the peghold, indicating that 
the end region of the peghold where the friction plate is located is more sensitive to applied loads 
than its base. These features, which manifest from a tapered beam, suggest that the peghold is 
structured for rigidity, robustness and localized response to load. 
From Figure 5, it can be observed that for the samples studied, beetles of larger size tend 
to have lower bending stiffness. The average peghold stiffness value calculated for Melanotus 
spp. samples is N/m, while the peghold stiffness for the A. oculatus sample is 0.45´105 N/m. 
This agrees with the Euler-Bernoulli beam theory [23]. According to the theory, bending 
stiffness is inversely proportional to the third power of beam length, but is linearly proportional 
to second moment of area. The A. oculatus sample has peghold length about five times the length 
of all Melanotus spp. pegholds, but the second moment of area decreases by less than 100 folds. 
Thus, the resulting peghold bending stiffness of A. oculatus is less than Melanotus spp. It can be 
concluded that as the peghold increases in length, its cross-sectional area needs to increase to 
21 
 
compensate; however, there could be some other reason that restricts the growth in cross-
sectional area, resulting in the bending stiffness reduction as the size of the beetle. Nevertheless, 
compared to the growth in mass (about 20x), the bending stiffness is decreased about 4x only 
and could still function well. This result, along with the variability within the same species 
shown in Figure 4A, shows that the performance of snap-fit mechanism can be similar, even 
though the bending stiffness of peghold varies. 
5.2 INTEGRATIVE PERSPECTIVE OF THE LATCH MECHANISM 
Among the four Melanotus spp. samples tested in the micromechanical experiment, the 
average force drop is 1.72 mN and the average tip deflection is only 14 nm (Table 1), resulting in 
an average stiffness of 1.2´105 N/m. The deflection is very small compared to the friction plate 
thickness (~50 µm) or the peghold dimension along dorsal-ventral axis (~100 µm) [7]. This 
indicates that the peghold is a very stiff structure in the latch system of a click-beetle, and 
therefore can provide a strong structure to maintain the brace position before the snap. It further 
implies that during the snap phase, the release of the latch mechanism (the peghold slips through 
the mesosternal lip back to the cavity) is achieved not through bending of the peghold but other 
mechanisms. 
An analogy to the release of the latch mechanism is snapping one’s fingers, where a force 
is applied to a single ratchet and released when the traction force surpasses the static friction 
force of the interface. In order to slip and snap effectively, click beetles must have a peghold 
stiffness able to maintain the brace position but also simultaneously have low friction of the 
peghold/mesosternal lip contact. This work confirms that the pegholds are stiff enough to 
maintain brace position, and consequently confirms the feasibility of the frictional slip theory of 
the release of latching mechanism. 
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5.3 LIMITATIONS AND RECOMMENDED FUTURE WORK 
The work helps investigating how the morphology enables the snap maneuver more 
comprehensively, but it has some limitations. Some of the limitations are identified regarding to 
the micromechanical force measurements carried out by Bolmin et al [7]. Ideally, the 
micromechanical measurements would accurately capture the force drop at the moment when the 
latching mechanism reaches brace position. However, during the experiment, the beetles were 
not living so muscle tension and fluid functions that normally exist are disabled, which would 
make the force drop measurement indicate the real force acting on the friction plate less 
accurately. Further, the desiccation process would mostly eliminate the fluid inside the beetle 
body, thereby giving more uncertainty to the force measurements. Nevertheless, this limitation 
would not affect the stiffness calculation of the peghold using beam model, as it is governed by 
geometry rather than the applied load. The water content of the hard cuticle is relatively low at 
~12% [1], so stiffness changes due to desiccation are not expected to have a large effect. To get 
more accurate measurements on parameters, future work could be done on live beetles using in 
situ methods, which measure the parameters simultaneously as the latch system in the click 
beetle undergoes latch and release process. 
Furthermore, the mechanical model applied in this work also has some limitations. The 
point load applied at the tip of the beam is an ideal assumption, while the actual loading is 
applied on the peghold through the conformal contact between the friction plate and the divot on 
the mesosternal lip, which is at some position away from the tip. Contact mechanics must be 
considered to accurately model the loading condition and input to the beam model. Future works 
could be done to improve the mechanical model by implementing contact mechanics theory. 
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Finally, this work is merely a piece that could be contributed to answering the big 
question about how click beetles achieve escape and self-righting functions using the latch and 
release of the system. In order to comprehensively understand the performance of biological 
hinge in click beetles, future investigations on other mechanisms, including the release 
mechanism of the latch, muscle action before and after the snap, as well as energy storage and 
release mechanisms, are recommended. The hinge system could then be implemented for 
engineering applications such as self-righting robots. 
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CHAPTER 6: CONCLUSION OF PART 1 
• The peghold is negatively tapered. The distribution of its second moment of area is best 
described by an exponential decay function. 
• The stiffness of the peghold calculated using the appropriate mechanical model shows 
that the peghold is a stiff structure. There are certain variabilities even across different 
individuals within the same species, but they are all stiff enough for the performance of 
the latching mechanism. 
• For the species of larger mass, the peghold stiffness is smaller. However, compared to the 
mass increase between larger species and smaller species, the decrease in peghold 
stiffness is significantly less. This is because certain stiffness is required to achieve the 
function of the peghold, namely, to maintain the brace position of the beetle body before 
the snap. 
• The morphology of the peghold also provides robustness as an exoskeletal structure. The 
normal stress concentration along the peghold is at the middle portion instead of the base; 
combining with gradual change from the base to prothorax, this minimizes any stress 
concentration near the peghold base, making it less likely to fail as a typical engineering 
beam does. 
• The deflection is localized near the tip of the peghold. This prevents the response of load 




PART 2: EFFECT OF DIFFRACTION GRATINGS ON TRIBOLOGICAL 
PROPERTIES AND WETTABILITY OF BEETLE ELYTRA OR TERGITES2 
CHAPTER 7: INTRODUCTION 
The second example on the use of insect exoskeleton in interaction is the investigation of 
diffraction gratings present on the surface of dorsal exoskeleton of some beetle species. The 
exoskeletal surface in interest in this part was initially noticed and studied because of its optical 
properties. However, it may also provide an advantage in physical interaction between the beetle 
and other surfaces in its environment. Namely, the diffraction gratings on the dorsal surfaces of 
some beetle species may help mediate their interaction with environment, by modifying their 
tribological properties and wettability. 
Some beetle species have iridescence at various locations on their body surfaces, which 
can diffract broad-spectrum light, resulting in colorful reflective or scattered spectra; in contrast, 
other beetles lack this iridescence and appear the same color as their cuticle. This variability can 
be found across genetically closely related species, such as species that belong to the same 
genus. A review has been conducted for all iridescence mechanisms observed in the order 
Coleoptera (beetles), including multilayer reflectors, three-dimensional photonic crystals and 
diffraction gratings [10]. Among the three groups of mechanisms, diffraction gratings, the first to 
be described [11], are the least studied and understood in regards to its property and 
functionality. Diffraction gratings on a body surface originate in micro- or nanoscale arrays of 
parallel ridges or slits that disperses incident white light into its constituent wavelengths. They 
are mostly found on surfaces of elytra (wing covers) or tergites (dorsal, abdominal segments) of 
                                               
2 This work is in collaboration with Kristen Reiter, Master student in the Department of Entomology. SEM imaging 
was a shared effort between Kristen Reiter and me. Goniometer measurements were conducted and processed by 
Kristen Reiter; tribological experiments, dimension measurements, and modeling were conducted by me. 
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beetles of some species across multiple families. When parallel white light (e.g. sunlight) 
incidents on the diffraction grating on a beetle, the reflected spectrum will be a sequence of its 
constituent colors in the order of wavelength. Thus, iridescence on a beetle that arises from a 
diffraction grating takes the form of order(s) of spectrum that is in the same sequence as the 
visible spectrum [26]. In addition, the diffracted light will reach its maximum intensity at an 
angle that depends on wavelength of the light; light of a longer wavelength will have a larger 
angle of maximum intensity [26]. Consequently, when viewing a surface that has a diffraction 
grating, as the angle of view changes, the wavelength of light that has the maximum reflectance 
also changes, resulting in a change of perceived iridescence color. Since this work only addresses 
diffraction gratings but no other iridescence mechanisms, the term “iridescent” is used to 
describe species with diffraction gratings, and the term “non-iridescent” is used to describe 
species without diffraction gratings. 
Previous studies on the functionality of diffraction gratings on beetles, notably on the 
elytra, focused on their optical properties. Hinton & Gibbs (1970) studied diffraction gratings on 
some carabids (Carabidae family) and water beetles (Gyrinidae family), who concluded that an 
advantage of possessing diffraction gratings comes from the rapid changes in color and 
reflectance of the reflected spectrum depending on the angle of view, which could both provide 
warning coloration and distraction that makes it difficult for predators to estimate a beetle’s size 
and distance [27, 28]. However, for other beetle families that dwell on land and move by 
burrowing under soil and vegetation, they are unlikely to make use of the optical properties of 
diffraction gratings on body surfaces. Thus, a hypothesis is proposed, that these diffraction-
gratings on beetle surfaces also serve a physical function, which is a modification of tribological 
properties and wettability. This modification is advantageous as it would help mediate the 
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beetle’s sliding with its environment. Specifically, the microfeatures that result in a diffraction 
grating on a beetle elytron or tergite may also introduce additional asperities on the surface, 
which changes surface roughness and real contact area, leading to modification of the 
tribological properties and wettability of the body surface. 
This work investigates elytral or abdominal surfaces of five pairs of phylogenetically 
closely related beetle species – a species that has diffraction gratings and a closely related one 
but does not. It also makes this work about diffraction gratings on insects novel, as it involves 
comparing the properties between a species with diffraction gratings and a closely-related one 
without diffraction gratings, while previous studies [27, 28] did not involve any comparison. 
This work first inspected the microstructures on the surfaces of their elytra using environmental 
scanning-electron microscopy (ESEM), and then investigated their tribological and wetting 
properties by conducting sliding friction experiments and goniometry measurements on their 
elytra or tergites. For the sliding friction experiment, the counter-surface was chosen based on 
the sliding environment that beetles typically encounter in their habitat. One of the common 
surfaces that ground beetles contact frequently are vegetation surfaces, such as leaf litter and 
decayed woods. In addition, leaf litter in natural habitats is usually hydrated, from either rainfall 
or high relative humidity. Therefore, sliding friction behavior on both hydrated and dry plant 
surfaces were studied. By comparing the results within and across the contrasting species pairs, 
the hypothesis on how the presence of diffraction gratings modify the tribological properties of 




CHAPTER 8: SAMPLE PREPARATION AND EXPERIMENTAL METHODS 
8.1 SAMPLE PREPARATION 
Shown in Table 2, this work studied two contrasting pairs of species (Sel. opalinus and 
Sel. ellipticus, St. anceps and St. comma) in the Carabidae family, two pairs (Ser. sericea and 
Ser. campestris, Phy. rorulenta and Phy. pronunculina) in the Scarabaeidae family and one pair 
(Phi. cyanipennis and C. canescens) in the Staphylinidae family. The two species within each 
pair are phylogenetically closely related. The beetle specimens were dried specimens pulled from 
the INHS Insect Collection located in Natural Resources Building at University of Illinois at 
Urbana-Champaign (Urbana, IL). The specimens are initially fixed on pins in the Insect 
Collection. 
Multiple individuals for every species were pulled from INHS Insect Collection for the 
purpose of different experiments and measurements. Three individuals per species were prepared 
for tribological experiments and goniometry measurements. They were rehydrated and taken off 
the fixing pin, cleaned by Branson 3510R-DTH Ultrasonic Cleaner (Danbury, CT), followed by 
removing moisture by drying them in air for more than 24 hours. Their elytra or tergites were 
then taken off from the whole beetle by micro-dissection tool; the rest of the beetle parts were 








Table 2. The family, genus, species, possession of iridescence and body part tested, for all 
species studied in this work. 
Family Genus Species Iridescence Body part tested 
Carabidae Selenophorus Sel. opalinus Yes Elytra 
Sel. ellipticus No Elytra 
Stenolophus St. anceps Yes Elytra 
St. comma No Elytra 
Scarabaeidae Serica Ser. sericea Yes Elytra 
Ser. campestris No Elytra 
Phyllophaga Phy. rorulenta Yes Elytra 
Phy. pronunculina No Elytra 
Staphylinidae Philonthus Phi. cyanipennis Yes Tergites 
Cafius C. canescens No Tergites 
8.2 SCANNING ELECTRON MICROSCOPY 
Scanning electron microscopy (SEM) was conducted, to confirm the presence or absence 
of diffraction gratings on the beetle species studied in this manuscript and characterize the 
microstructure that possibly arise the diffraction gratings. For each species, one whole beetle 
sample was dedicated for SEM. Additional elytra of Serica spp. and Selenophorus spp. pairs 
were used to take cross-sectional images by freeze fracturing technique [29], which took off their 
elytra from the whole beetle and put in liquid nitrogen to make them fragile, and then fractured 
them into pieces using micro-dissection tools. All samples were mounted on carbon tape and put 
in Denton Desk II TSC turbo-pumped sputtercoater located in The Beckman Institute for 
Advanced Science and Technology at the University of Illinois (Urbana, IL) and sputter-coated 
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with 7 nm Au/Pd. The samples were then put in FEI Quanta FEG 450 ESEM (FEI Company, 
Hillsboro, OR) located in Beckman Institute. Under high vacuum, 5kV electron beam focuses on 
the dorsal surfaces of elytra. Images of high resolution were taken at 1,000X, 5,000X, 10,000X 
and 30,000X magnifications. The cross-sectional images were taken at a small tilted angle at the 
locations away from the fractured surface, to get the images of undamaged beetle surface. All 
preparation and imaging of cross-sectional images were done by Kristen Reiter. Characteristic 
lengths, widths and sizes of micro-sculptures on the elytra surfaces were measured by imageJ 
[22]. 
8.3 TRIBOLOGICAL EXPERIMENTS 
A pin-on-disk tribometer setup (Figure 7A) was used to measure friction coefficients. It 
utilizes P-625.1CD PIHera Piezo Linear Precision Positioner (Physik Instrumente (PI) GmbH & 
Co. KG, Karlsruhe, Germany) piezoelectric stage to apply normal force, a custom flexural 
transducer of 49.136 N/m normal stiffness and 66.157 N/m lateral stiffness to transduce normal 
and frictional force respectively into normal and lateral deflections of the flexure tip, and two 
Lion Precision Capacitive Probe (C6-E, Lion Precision, Oakdale, MN), with sensitivity of 0.2 
V/µm and RMS resolution of 3.66 nm, to measure the deflections of the tip. The piezoelectric 
stage has 600 µm travel range, 0.5 nm resolution and 0.1 N/µm stiffness. The pin, a 1-mm 
diameter steel ball bearing attached on a 2-mm diameter glass rod, was fixed on the flexure tip 
by Loctite Super Glue ULTRA Gel Control (Henkel Corporation, Rocky Hill, CT). The elytra or 
tergites were divided into pieces using scissors and mounted on the pin, with the dorsal surface 
as the sliding surface. The disk, where the counter-surfaces were attached on, was an aluminum 
plate mounted on the M-660.55 PILine Rotation Stage (Physik Instrumente (PI) GmbH & Co. 
KG, Karlsruhe, Germany). The rotation stage has 108 mm diameter, maximum velocity of 720 
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°/s and resolution of 34 µrad. At the beginning of each experiment cycle, normal load was 
applied by the piezoelectric stage with the nominal value of 1 mN, which corresponds to the 
approximate weight of a beetle. Actual normal force applied varied from 0.0 to 4.0 mN 
throughout the experiment due to roughness of the counter-surfaces and unevenness of the rotary 
stage. Data was acquired using a data acquisition board (SCB-68, National Instruments, Austin 
TX). 
In this work, fibrous plant surfaces were used as counter-surfaces based on the sliding 
environment that beetles typically encounter in their habitat. However, each plant surface, such 
as leaf surface, has unique patterns and topology, so it is not practical for use as a laboratory 
sliding surface. Additionally, using real leaves would make it difficult to keep the rotary stage 
leveled and even, i.e. to keep the normal force approximately consistent through sliding. 
Therefore, Whatman Grade 1 laboratory filter paper (GE Healthcare UK Limited, 
Buckinghamshire, UK), which was manufactured by plant fibers and thus analogous to fibrous 
leaf surfaces, was used as the counter-surface. The filter paper had a thickness of 180 µm, a dry 
average roughness of 6.83 ± 0.20 µm, and a wet average roughness of 8.91 ± 0.24 µm. The 
surface roughness was measured using a confocal laser scanning technique through 5x objective 
(VX-1000, Keyence, Itasca, IL) located in Material Research Laboratory Centro Research 
Facilities, University of Illinois, and processed by the software which accompanies the 
instrument (VK Analyzer, Keyence, Itasca, IL). To account for hydrated condition due to rainfall 






Figure 7. (A) Pin-on-disk microtribometer setup used in this manuscript. (B) Schematics of 
experimental parameters for tribometer tests under dry and wet (hydrated) condition. (C) and (D) 
Schematics of side view and free-body diagrams at the contact interface between the 
elytron/tergite and the filter paper, under (C) dry condition where only normal load is applied, 
and (D) wet condition, where a meniscus is present around the periphery of contact and the 
elytron/tergite is partially immersed in water. Black arrows show the forces in normal direction, 





8.3.1 Dry condition 
The sample surfaces were slid against the counter-surface at angular speeds of 7.16, 
17.90, and 28.64 degree/s, with three trials per sliding speed. The sliding track had a radius of 
16.00 mm, corresponding to linear sliding speeds of 2, 5, and 8 mm/s, respectively, which are 
common maximum speeds of beetle movement [30, 31]. For each trial, the sliding distance was 
500 mm. The schematics of experimental parameters is shown in Figure 7B. The frequency of 
data acquisition was 200 Hz. At each time point, the normal load (W) and frictional forces (FF) 
were recorded, which were converted from normal and lateral deflections of the flexure tip, 
given the bending stiffness of the flexure. 
8.3.2 Wet condition 
Filter papers were hydrated using a commercial water spray bottle. Dry filter papers were 
cut into 50 mm x 50 mm squares. Water was sprayed four times, depositing about 3 g of water 
onto the paper, which resulted in a hydrated paper plus an additional water film of thickness 
about 1.25 mm. Water was reapplied by spraying once every 10 minutes to account for 
evaporation during the sliding friction experiments. The tribometer setup and experimental 
parameters were the same as the dry paper sliding friction experiments. 
8.3.3 Data processing 
The data points are saved in csv format and imported into Matlab for data processing. 
Firstly, the data points for the first 10 and the last 10 seconds, which corresponds to piezoelectric 
stage moving from original (no applied load) position to the desired position, were removed; 
secondly, those that have negative normal force measurements were removed, because a negative 
normal force measurement means that the elytron is not in contact with counter-surface and thus 
has no physical significance; lastly, those that have normal force measurements out of the 
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measurement range (clipped) were removed. The data points were then smoothened by averaging 
each data point with four data points on both sides. Finally, the smoothened friction force was 
plotted against the smoothened normal load, and a linear function of the form 
   (7) 
was fit onto the plot using least-square fitting. The slope (µ) defines the friction coefficient, and 
the intercept (int) measures some intercept value between the fitting function to the friction force 
axis. The intercept values were analyzed and interpreted in later sections. 
8.4 GEOMETRICAL DESCRIPTION OF ELYTRA/TERGITES SURFACE 
In reality, a beetle elytron or tergite can have a complex geometry. Looking at the top 
view (Figure 8A) and side view (Figure 8B) of a typical Serica sericea individual, it was 
observed that each projected view can be roughly described as an ellipse. In addition, its front 
view (not shown) is roughly circular. Therefore, the beetle body was modeled as a spheroid 
(Figure 8C), which is a revolution of an elliptical cross-section and thus has a circular front-view 
and elliptical top-view and side-view. The dimensions of a spheroid can be described using only 
two principal radii (Rx and Ry = Rz), where Rx is defined as the principal radius longitudinal, Ry 
and Rz are defined as the radii transverse, to the beetle body. Since an elytron or tergite is a 
portion of the dorsal surface of a whole beetle, it could be described as a surface section of a 
spheroid; its (and thus the whole body’s) principal radii could be determined by measuring radii 
of curvature from its side-view and front-view images taken on the tribometer setup. 




Figure 8. (A) and (B) show the top and side view of a Serica sericea individual. To describe the 
curvature of a beetle, its (A) top view and (B) side view are modeled as ellipse, and front view 
(not shown) as circle. (C) The resultant 3D model is a spheroid, with principal radii of Rx and Ry 
= Rz. The x-axis is defined as the direction along beetle body, y and z-axis are directions 
transverse to the body. (D) The principal radii could be determined by measuring the curvature 
of elytra/tergites. A representative side-view of a Stenolophus comma elytra sample was taken 
from the experimental setup when the disk is moving at a linear speed V. Principal radius 
transverse to the beetle body (Ry) was determined from the radius of curvature in front-view 
image (not shown). Longitudinal principal radius (Rx) was determined from measuring 
maximum radii of curvature (Rmax) in side-view image according to Eq. 8. 
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8.5 PRINCIPAL RADII MEASUREMENTS 
In order to measure the principal radii of elytra or tergites, side-view and front-view 
images of the samples on the tribometer setup were captured by GigE Color Industrial Camera 
DFK 33GR0134 (The Imaging Source, Charlotte, NC). The position and the focus of the camera 
lens were adjusted so that the samples were focused at the center of the images. Sketch of a 
representative side-view image taken from a Stenolophus comma elytron sample, as well as 
annotations that explain the measurement, are shown in Figure 8D. Since the 2 mm diameter 
glass rod on the tribometer tip was at similar distance from the camera lens as the sample, it was 
also focused and thus worked as a built-in scale bar, which could be used to determine the pixel-
to-length ratio. The dashed ellipse drawn on the figure shows that the side-view of the elytron 
describes a portion of the elliptical side-view of the whole beetle body; similarly, the front-view 
image (not shown) could show a portion of circular front-view of the beetle body. Therefore, the 
dimensions of the whole beetle body can be measured using the front-view and side-view images 
of the elytron. The principal radii transverse to the beetle body, Ry, can be determined by finding 
the radius of curvature of the sample’s front-view image. The principal radius longitudinal to the 
beetle body could be calculated from the maximum radius of curvature found on the sample’s 
side-view image (Figure 8D) with the knowledge of transverse principal radius (Ry), given by  
   (8) 
The radii of curvature were determined from the images using a Matlab algorithm, which 
detects the boundaries of the elytra/tergites in the image, convert them to points in coordinate 
system, and then fit circles onto the points using Pratt’s method [32]. Rmax was determined from 
the radius of largest circle fit on the side-view image, and Ry was determined from the average 








The wettability of the beetle elytra or tergites were measured using a KYOWA 
Automatic Microscopic Contact Angle Meter MCA-3 microgoniometer (Kyowa Interface 
Science Co. Ltd) and FAMAS (InterFAce Measurement & Analysis System) version 3.5.14 
(Kyowa Interface Science Co. Ltd) software was used to record and process the contact angle 
(CA) data. Three droplets were placed from anterior to posterior on the elytra or tergites of each 
individual (n = 3 per species) of Serica, Selenophorus, Stenolophus, and Philonthus/Cafius pairs. 
Six droplets were dispensed along the elytra of the Phyllophaga pair (n = 3 individuals per 
species). Advancing and receding CAs were recorded for each droplet. Droplets were dispensed 
for 60 s to determine the advancing CA, then the droplets were allowed to evaporate for 60 s to 
determine the receding CA. Images were taken every second to calculate CAs. Advancing CAs 
were the highest CA that occurred while the droplets advanced. Receding CAs were found by 
taking the CA when the base of the droplet receded during evaporation. Single-factor ANOVA 
(Analysis of Variance) (α = 0.05) tests were done in Microsoft Excel to determine if CA differed 
significantly between beetles with diffraction gratings and those without. ANOVAs were 
performed on all species together and on each pair separately. All goniometry measurements 
were conducted by Kristen Reiter. 
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CHAPTER 9: THEORETICAL CALCULATIONS 
9.1 MODEL OF NORMAL LOADING SCENARIOS IN TRIBOLOGICAL EXPERIMENTS 
Under wet condition (Figure 7D and 9A), where a thin water layer existed between the 
contacting surfaces, the interaction between water and the sample surface would pull the surface 
toward the hydrated paper. This is due to a meniscus (fluid bridge) between the contact surfaces 
as the sample surface is in proximity to the hydrated paper with a thin water layer. Due to the 
Laplace pressures [33] from surface tension around the periphery of contact, adhesion between 
the two surfaces will increase. This increase in adhesion force is named meniscus force [34], 
which attracts the contacting surfaces, resulting in a force acting downward on the transducer tip. 
In addition, since a continuous water layer existed under wet condition, when the elytra/tergites 
were in actual contact with hydrated filter paper surface, they were considered partially 
submerged in water, which caused a buoyancy force acting upward on the transducer tip. The 
capacitive sensors used in the pin-on-disk tribometer measures the total displacement of the 
flexural transducer tip in normal and lateral directions. Consequently, the normal force measured 
in tribological experiments is the sum of all forces applied on the transducer tip in normal 
direction. Thus, the meniscus and buoyancy force would contribute to the measured normal load, 
causing normal load measurement different from real normal load applied on the contacting 
surfaces. The apparent normal force would be the sum of all forces in normal direction, given by 
   (9) 
where Fa is apparent normal force, W is real applied normal load, Fm is meniscus force and Fb is 
buoyancy force. Combining Eq. 9 with the classical friction law, the measured friction force 
would be equal to 
   (10) 
Wa =W −Fm +Fb
FF = µW = µ(Wa +Fm −Fb)
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The meniscus force subtracted by buoyancy force (Fm - Fb) represents the net force due to 
interaction between water and the sample surface. This quantity is called net adhesion force in 
the rest of the thesis. Eq. 10 further means that the linear least-square fitting of friction vs. 
normal plots under wet condition (Eq. 7) would result in a positive intercept on the friction force 
axis, with the intercept value equals to 
   (11) 
Conversely, under dry sliding condition (Figure 7C), the force measured in normal 
direction equals to applied normal load under the assumption of negligible van der Waal force 
between elytral/abdominal surfaces and filter paper surface. As sliding continues, there would be 
some static electric force between the surfaces, but it was also small compared to applied normal 
load. According to classical friction law, friction coefficient should ideally be directly 
proportional to normal load under dry condition. Thus, the intercept value on friction force axis 








Figure 9. (A) Schematics of side view and free-body diagram at the contact interface between the 
elytron/tergite and the filter paper under wet condition. Besides the applied normal load (W) on 
the elytron/tergite, a meniscus around area of contact causes a downward meniscus force (Fm), 
and partially immersed elytron/tergite causes an upward buoyancy force (Fb). The water on the 
counter-surface results in a water layer thickness of h, and average meniscus height of s. The 
disk is moving at a linear speed V during sliding experiment. (B) Buoyancy force was calculated 
by multiplying density of water (r), gravitational acceleration (g) and area of water displaced 
(Vdisp). This volume is related to the principal radii (Rx and Ry) of the spheroid, as well as the 
water layer thickness (h). (C) The meniscus force is dependent on the surface tension (g) of water 
and the contact angle (q) for the elytron/tergite. (D) The meniscus force is directly proportional 
to the projected area of meniscus, which is the cross-cut area at average meniscus height (s) 
subtracted by real area of contact. The meniscus cross-cut area is elliptical and depends on 
principal radii of the modeled spheroid and average meniscus height (s). Real area of contact is 
much smaller than meniscus cross-cut area and thus is negligible. 
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9.2 THEORETICAL CALCULATION OF MENISCUS FORCE 
The meniscus force between two contacting surfaces with no applied load is calculated 
by integrating the pressure difference between liquid-air interface and the Laplace pressure 
within the liquid over the projected area of meniscus onto a flat plane (Ω). Combining with 
Laplace Equation [33], the general form of meniscus form is expressed as 
   (12) 
where g is surface tension of liquid and rm is radius of meniscus. If the effective section of a 
meniscus is approximated as an arc (which is true under negligible van der Waal and gravitation 
forces), the effective radius of meniscus can be related to meniscus height (s) and static contact 
angles of the contacting surfaces (q1 and q2) by [35] 
   (13) 
Combining with Eq. 12, the meniscus force between two contacting asperities can be expressed 
as 
   (14) 
(Figure 9C) with the assumption adapted from Tian and Bhushan that the variation of meniscus 
height around the asperity is small. 
To calculate meniscus force between two rough surfaces with arbitrary shape under 
applied load, Tian and Bhushan developed a numerical model that generates real rough surfaces 
and determines meniscus force when they are brought into contact with the presence of thin 




















contract area between the two surfaces under applied load from the area of cross-cut of meniscus 
on the rough surface. Meniscus force thus becomes 
   (15) 
where Ac is the cross-cut area on the surface at average meniscus height and Ar is real area of 
contact.  
This model, along with some additional assumptions, can be utilized to derive a 
theoretical prediction of meniscus force experienced by elytra/tergites in contact with paper 
under wet condition. Since the water layer thickness on the paper is about 1.25 mm, which is 
much larger than the mean height of surface asperities on both contacting surfaces, all asperities 
at the nominal contact area can be assumed as immersed in the water, so that a single, large 
meniscus spans the entire nominal cross-sectional area. This assumption takes out the summation 
term and leaves only one cross-cut area and real contact area to calculate. In addition, the 
continuous water layer present above the hydrated paper surface left no paper-air interface. 
According to Young’s equation [36], the contact angle of paper does not play a role in meniscus 
force, so that q1 becomes 0 degrees. Eq. 15 is thus reduced to 
   (16) 
The meniscus cross-cut area can be easily calculated from the spheroid model of 
elytra/tergites geometry mentioned in Section 8.4 and 8.5. Figure 9C and 9D show the schematic 
of contact between a spheroid and a plane with a thin layer of water in two different projected 
views. Since an elytron/tergite piece was modeled as a spheroidal shape with principal radii Rx 
and Ry, the meniscus cross-cut area would be an elliptical area (Figure 9D) at the height s above 










(1+ cosθ2)(Ac − Ar )
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   (17) 
The real contact area can be determined using Hertz contact model. To simplify the 
calculation, both contacting surfaces are assumed smooth. The contact area between a smooth 
spheroid and a flat plane is in the shape of an ellipse, where the two principal radii are [37] 
   (18) 
where E’ is composite modulus calculated from Young’s modulus of both the cuticle and paper, 
R’ is the reduced radius of curvature determined by [37] 
   (19) 
k1 and k2 are contact coefficients related to a contact coefficient k0 given by [37] 
   (20) 
Therefore, the estimated real area of contact can be expressed as the area of the contacting 
ellipse, [37] 
   (21) 
Preliminary calculation of cross-cut area and real contact area using material properties 
values available in literature [1], estimated meniscus height of 1 mm and principal radii of Rx  = 
3.5 mm and Ry = 1 mm shows that at the applied load of 4000 µN, the ratio between cross-cut 




























Therefore, real contact area is so small compared to meniscus cross-cut area that can be 
neglected. The theoretical calculation of meniscus force has the final form of 
   (22) 
9.3 THEORETICAL CALCULATION OF BUOYANCY FORCE 
A body that is partially or fully immersed in liquid would experience an upward force 
due to the liquid pressure difference below and above the body. The magnitude of the force is 
given by 
   (23) 
where r is the liquid density, g is the gravitational constant, and Vdisp is the volume of liquid 
displaced by the body. In the scenario of this study, the volume of water displaced by the 
elytra/tergites was the volume of the spheroid portion that is below the water layer (Figure 9B), 
which was equivalent to the volume of the spheroidal cap cut at water layer thickness h, which 
can be easily calculated using geometry, given by 
   (24) 
Combining Eq. 23 and 24, the theoretical calculation of buoyancy force is derived as 
   (25) 


















CHAPTER 10: EXPERIMENTAL RESULTS 
All experiments and measurements except SEM were conducted on three individual 
samples per beetle species (n = 3), to account for biological variability across individuals. To 
ensure reproducibility, tribological experiments were repeated for three trials at each sliding 
speed for each individual sample; goniometry measurements were conducted on at least three 
different locations on each individual sample. 
10.1 SCANNING ELECTRON MICROSCOPY RESULT 
Representative images of all species pairs studied in this paper are shown in Figure 10. 
Micro- or nanoscale, periodic surface sculpturing exists on elytral or abdominal surfaces of all 
species. Generally, iridescent species would have more developed and regularly aligned surface 
sculpturing. In addition, the characteristic dimensions and spacings smallest periodic features on 
iridescent species are usually lower than 1 µm, which are much smaller than those on their non-
iridescent counterparts (3 – 10 µm), and closer to the wavelengths of visible light and thus could 
work as diffraction gratings. 
By comparing the SEM images across the contrasting pairs, two types of surface 
sculpturing that could both perform as diffraction gratings were identified. The first type, which 
could be observed on the iridescent species within the Carabidae family (Sel. opalinus and St. 
anceps), can be described as highly regular grooves aligned in parallel with spacings of 900 nm 
and groove radii of 160 nm, comparable to wavelength of light. In addition, the cross-section 
image of Sel. opalinus reveals that the plateau between the grooves are inclined toward the 
posterior of the beetle body. Such features are absent on their non-iridescent counterparts (Sel. 
ellipticus and St. comma). Those species have hexagonal and cellular structures, with 
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characteristic length of about 10 µm, much larger than wavelength of visible light. The surface 
sculpturing is rather very flat, shown in the cross-section image of Sel. ellipticus.  
The second type could be observed on the iridescent species within the Scarabaeidae 
family (Ser. sericea and Phy. rorulenta). It can be described as regular, hair-like protrusions with 
high spatial density, which likely cause diffraction gratings because the space between each 
protrusion is about 760 nm, around the range of wavelength of visible light. Cross-section image 
of Ser. sericea shows that the protrusions have high aspect ratio. Their non-iridescent 
counterparts (Ser. campestris and Phy. pronunculina) show rows of shorter, more irregular and 
spatially-sparse protrusions that resembles sawtooth. Spacing between rows is about 3 – 5 µm, 
much larger than the wavelength of light. Cross-section image of Ser. campestris shows that the 
surface sculpturing is generally smooth and flat. 
For the pair of species that belongs to Staphylinidae family, the surface sculpturing is 
similar to the first type that is observed in Carabidae. The iridescent species (Phi. cyanipennis) 
has parallel grooves and non-iridescent one (C. canescens) has hexagonal structures. However, 
this pair show significantly distinct spatial density of setae. The iridescent species has much 




Figure 10. Representative SEM of all species studied in this manuscript. Images of species 
within the same contrasting pair are shown in the same row, along with their corresponding 
families. Iridescent species are shown on the left, and non-iridescent ones are shown on the right. 
The white arrows indicate the direction from the anterior to the posterior of beetle bodies. 
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10.2 TRIBOLOGICAL EXPERIMENTS RESULT 
In Figure 11, each plot shows sets of typical scatter plots of friction force versus apparent 
normal load for a pair of contrasting species under both dry and wet sliding conditions, as well as 
a least-squares regression line that describes the relationship between friction force and normal 
load for every data set. It could be observed that for all species under dry condition, the best-fit 
lines pass the origin or have small intercept values on friction force axis; conversely under wet 
condition, the best-fit lines of most species have significantly large intercept values that are most 
likely contributed by additional meniscus and buoyancy forces (Details in Chapter 9 theoretical 
calculations) due to the presence of thin water layer. As a result, the best-fit lines under wet 
condition have a functional form of 
   (26) 
 where µwet is wet friction coefficient and int is the intercept on friction force axis. According to 
Eq. 10, the net adhesion force is given by 
   (27) 
Dry and wet friction coefficients against sliding speed, as well as corresponding friction intercept 
values for every species pair are shown in Figure 12. 
From Figure 12, it can be found that for every beetle species regardless of the 
iridescence, the friction coefficients under wet condition are significantly higher than those under 
dry condition; also, friction coefficients under both dry and wet conditions only changes slightly 
at different sliding speeds. For the two pairs that belong to Scarabaeidae family (Figure 12B), 
iridescent species have dry and wet friction coefficient significantly different from their non-
iridescent counterparts, which means that the friction coefficient difference between the two 






species within a contrasting pair is significantly larger than their biological variation (sample 
standard deviation). On the friction coefficient plots, this is represented by little or no 
coincidence of shaded region between the plots of the two contrasting species. For the pairs that 
belong to Carabidae (Figure 12A) and Staphylinidae (Figure 12C) families, the dry and wet 
friction coefficients of iridescent species are similar to their non-iridescent counterpart, which is 
represented by large coincidence in shaded region for the friction coefficient plots of the two 
contrasting species in the plots. 
From the plots of dry and wet intercept values in Figure 12, the intercepts under dry 
condition are much smaller compared to those under wet conditions, for all species expect St. 
anceps and St. comma, where both dry and wet intercepts are close to zero. This matches with 
the modeling of normal loading scenario under dry and wet conditions (Section 9.1). Detailed 




Figure 11. Friction force vs. apparent normal force plots after smoothing, from representative 
friction experiment trials under both dry and wet conditions, for all species that belong to (A) 
Carabidae, (B) Scarabaeidae and (C) Staphylinidae families. Each plot contains the results for a 
contrasting pair of species. Within each plot, actual datapoints after smoothing are represented 
by four sets of scattered points. Each set belongs to results of a species under an experimental 
(dry or wet) condition. Blue dots belong to the iridescent species are red squares belong to the 
non-iridescent species. A best-fit line determined from least-square fitting is plotted coincident 




Figure 12. Friction experiment results for all species that belong to (A) Carabidae, (B) 
Scarabaeidae and (C) Staphylinidae families. Results that belong to different contrasting pairs 
are shown in different plots. Each friction coefficient plot shows average friction coefficients 
across three individuals, each with three experimental trials, plotted against their corresponding 
sliding speeds. The dots represent average values and shaded regions represent sample standard 
deviations. The experimental condition is indicated in braces. Each friction intercept plot shows 
average measured friction intercepts. Error bars represent sample standard deviation. For all 
plots, the results of iridescent species are marked in blue, and the results of their non-iridescent 
counterparts are marked in red. 
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10.3 PRINCIPAL RADII MEASUREMENTS RESULT 
Principal radii of all species were summarized in Table 3. For all species studied, the 
radii transverse to the beetle body are smaller than that longitudinal to it. Therefore, it can be 
concluded that the elytral or abdominal surfaces geometry of the species studied is more curved 
transverse to the beetle body. In addition, while comparing the principal radii dimensions 
between each contrasting pair of species, it could be found that within each contrasting pair, the 
species with DFG usually has larger elytra/tergites radii, especially for the longitudinal radius. 
Based on the measured principal radii, the corresponding elliptical cross-sectional area is 
calculated. Also, using Eq. 17 and Eq. 24, the meniscus cross-cut area (Ac) and water 
displacement volume (Vdisp) are calculated using estimated water layer thickness (h) of 1.25 mm 














Table 3. Measured principal radii of all species studied, the resulting elliptical cross-sectional 
area, as well as meniscus cross-cut area and water displacement volume calculated using Eq. 17 












Sel. opalinus 3.78 1.86 22.04 21.23 14.39 
Sel. ellipticus 2.64 1.23 10.17 9.67 8.55 
St. anceps 3.38 1.01 10.73 8.22 9.74 
St. comma 3.10 1.17 11.43 10.54 9.82 
Ser. sericea 5.75 1.74 31.40 30.81 21.47 
Ser. campestris 4.40 1.79 24.78 24.12 16.58 
Phy. rorulenta 11.97 2.65 99.57 80.84 49.50 
Phy. pronunculina 8.25 2.69 69.69 56.07 34.22 
Phi. cyanipennis 3.21 1.69 17.00 16.79 11.86 
C. canescens 3.02 1.64 15.54 15.43 11.05 
10.4 GONIOMETRY RESULT 
Figure 13 shows average advancing and receding contact angles (CAs) for all species 
studied, along with p-value results from ANOVA test. Within different families, the presence of 
diffraction gratings could affect wettability differently. From ANOVA test with 95% confidence 
interval (a = 0.05), the contact angle difference between an iridescent species and its non-
iridescent counterpart is considered significant when p-value is lower than 0.05. For the two 
pairs within Scarabaeidae family (Figure 13B), the iridescent species have both higher advancing 
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and receding CAs than their counterparts. ANOVA test showed that within each pair, the 
iridescent species has both CAs either significantly larger (p < 0.05), or very close to the criteria 
of significance (Serica spp. pair receding CA: p = 0.085, Phyllophaga spp. pair advancing CA: p 
= 0.056) than its counterpart. This means that for the two Scarabaeidae pairs, the iridescent 
species are significantly more hydrophobic than their counterparts. For the two pairs within 
Carabidae family (Figure 13A), it could be observed that both advancing and receding CAs of 
iridescent species are smaller than their counterparts; however, ANOVA test reveals that 
difference of both advancing and receding CAs between iridescent species and their counterparts 
were not significant (all p >> 0.005). For the pair within Staphylinidae family (Figure 13C), the 





Figure 13. Summarized results from goniometry for all species that belong to (A) Carabidae, (B) 
Scarabaeidae and (C) Staphylinidae families (Figure 13 cont’d). Left figures: representative 
water droplet images that reflects average contact angles of each species. Respective average 
advancing and receding contact angle values are shown in the bottom of the figures. 
Uncertainties represent sample standard deviations. The scale bars are all 100 µm. CA, adv and 
rec are abbreviations of contact angle, advancing and receding, respectively. Right figures: 
graphical representations of contact angle results. Filled bars represent advancing, and shaded 
bars represent receding contact angles. Respective P values determined from ANOVA tests are 




Figure 13 cont’d. Summarized goniometry results for the species within (C) Staphylinidae 
family. 
10.5 MODEL FIT RESULT 
From the intercepts determined under wet condition, the net adhesion force between 
elytra/tergites and water (Fm – Fb) for each species was determined from Eq. 27. These 
experimentally determined forces were compared to theoretical calculations of net adhesion 
force, where the meniscus force (Fm) is calculated from Eq. 22 and the buoyancy force (Fb) is 
calculated from Eq. 25. The values used in the equations include principal radii measurements in 
Table 3, goniometry measurements (Section 9.4), water surface tension of 72 mN/m, water layer 
thickness of 1.25 mm and estimated average meniscus height of 1.5 mm. The advancing contact 
angles were used as the static contact angles in Eq. 22, because these two quantities are very 
similar [38]. The result for the comparison is shown in Figure 14. For Selenophorus and Serica 
pairs, theoretical prediction produces fair agreement with experimental results; for other pairs, 
theoretical calculation overestimates the experimental result. It could be observed that theoretical 
prediction gives acceptable agreement with experimental results for species with moderate 
dimensions (Selenophorus spp. and Serica spp., which has cross-sectional area around 20 – 30 
mm2 (Table 3)); for smaller and larger species, theoretical calculation could not predict the net 




Figure 14. Comparison between experimentally measured average net adhesion force (Fm – Fb) 
and theoretical prediction. Error bars on experimental results are sample standard deviations 
across three individuals per species. The experimental result is determined from tribological 
experiment data using Eq. 27, and the theoretical calculation is determined using Eq. 22 and 25. 
Some experimentally determined summed forces were accurately predicted by theory, but some 
got overestimated by the theory.   
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CHAPTER 11: DISCUSSION 
11.1 RELATIONSHIP BETWEEN POSSESSION OF DIFFRACTION GRATINGS, 
TRIBOLOGICAL PROPERTIES AND WETTABILITY 
By comparing the friction coefficients of every species under wet condition and dry 
condition, it can be observed that the friction coefficient under wet condition is at least 2x that 
under dry condition for all species studies in this work. This shows that the layer of water present 
between the contacting interface of elytra/tergites and filter paper could not effectively reduce 
the friction coefficient, which means that water is not an effective lubricant for this contact. The 
contact between an elytron or tergite and laboratory filter paper can be characterized by the 
wettability of the two surfaces. The goniometry measurements showed that the elytra/tergites 
surfaces are generally hydrophobic (advancing CA 70 - 120°); the filter paper surfaces, although 
not measured in goniometry, would have very low contact angles and thus strongly hydrophilic. 
Therefore, in the pin-on-disk tribological experiments carried out in this work, the pin is 
hydrophobic and the disk is strongly hydrophilic. Previous studies about the effect water and oil 
lubrication on frictional properties of engineering surfaces with different wettability showed that 
for the tribological experiments using hydrophobic pin and hydrophilic disk, water cannot 
effectively lubricate because the water repulsion generated by the relatively smaller layer of the 
pin cannot influence the large, hydrophilic disk. Thus, the repulsive water layer with a 
hydrostatic lift cannot form, and the two surfaces are still largely in contact during sliding [39]. 
Since the sliding between the elytra/tergites and fibrous surface resembles a hydrophilic 
disk/hydrophobic pin, the presence of water between the surfaces would not effectively lubricate 
the sliding. Furthermore, for biological surfaces that cannot be effectively lubricated by water, 
the presence of water may even cause a much higher friction coefficient. This can be confirmed 
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by the friction study of human hair, which has similar hard cuticular structure as beetle surfaces. 
In the study, the friction coefficient of human hair versus polyurethane film under wet condition 
was also at least 2x that under dry condition [40], which is in agreement with the experimental 
result in this work. 
Effort was made to connect the friction coefficients and wettability measurements of the 
beetle species together, to provide a comprehensive understanding of the tribological properties 
of diffraction gratings on beetle surfaces. This is shown in Figure 15, where friction coefficients 
under wet condition for all species are plotted against their advancing contact angles. Based on 
the available literature, the relationship between wettability and frictional properties of two 
contacting surfaces are still not fully understood, especially when it involves biological 
materials. A more recent study [41] showed that for the contact between two engineering 
surfaces, where one is hydrophilic and the other is hydrophobic, with water as lubricant, the 
friction coefficient has a weak, negative dependence on the difference between the contact angles 
of the two contacting surfaces. However, the result is not applicable to the study of frictional 
properties of beetle surfaces in this work, not only because the predicted trend itself has some 
significant outliers that could potentially contradict it, but also because it does not involve any 
biological materials and hierarchical microstructures. With the datapoints shown in Figure 15, no 
correlation can be found between the wet friction coefficients against filter paper and the contact 
angle difference between the elytra/tergites and paper surfaces (which is equal to the contact 
angle of elytra/tergites since the contact angle of paper is considered as 0°), for all the beetle 
species. After dividing the datapoints by the families, it could be observed that the species within 
Scarabaeidae family are generally more hydrophobic than those within Carabidae family. The 
wet friction coefficients of Scarabaeidae species spans a wider range of value (µ ~ 0.30 – 0.50) 
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than those of Carabidae species (µ ~ 0.35 – 0.45). The species within Staphylinidae family has 
greatly distinguished degrees of wettability (q ~ 70° for Phi. cyanipennis and q ~ 105° for C. 
canescens), but the friction coefficients are similar, around the same value as the higher end for 
Scarabaeidae species. 
 
Figure 15.  Plot of friction coefficients against wet paper for all species tested in this manuscript, 
versus their corresponding average static (advancing) contact angles. Species that belong to 
different families are represented by different colors. Iridescent species are represented by 
asterisks, and non-iridescent ones are represented by filled circles. 
Therefore, no overarching conclusion can be made regarding to the effect of diffraction 
gratings on frictional behavior and wettability of beetle elytra/tergites surfaces against fibrous 
surfaces. Nevertheless, it can be found that the surface sculpturing features and tribological 
properties of an iridescent beetle species compared to its non-iridescent counterpart are similar 
for the species that belong to the same family. In the Carabidae family, the sculpturing features 
on the two iridescent species (Sel. opalinus and St. anceps in Figure 10) that could result in 
diffraction gratings are parallel grooves, whereas the features on the two non-iridescent species 
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(Sel. ellipticus and St. comma in Figure 10) are hexagonal units. Friction coefficient results of 
both pairs of species (Figure 12A) showed that the diffraction gratings present on the iridescent 
species do not provide significant modification of friction coefficients under both dry and wet 
conditions, compared to their non-iridescent counterparts. Goniometry measurements (Figure 
13A) showed similar results. Although both iridescent species have slightly smaller advancing 
and receding contact angles than their non-iridescent counterparts, the differences are not 
significant. Therefore, with the results found in this work, a generalization can be made, that the 
parallel groove microfeatures, although arise diffraction gratings, would affect neither the 
contact angles of water, nor the friction behavior against fibrous surfaces. This could be 
explained by the cross-sectional SEM images of Sel. opalinus and Sel. ellipticus in Figure 10. 
Although the plateaus between the grooves on Sel. opalinus is inclined, they do not incur 
additional surface roughness. The real contact area during sliding for both iridescent and non-
iridescent species within Carabidae family could thus be similar, leading to similar friction 
coefficients. The contact angles, which are also dependent on roughness [42], are also similar for 
these two pairs.  
On the other hand, the two iridescent species within Scarabaeidae families show 
completely different surface sculpturing features (Ser. sericea and Phy. rorulenta in Figure 10), 
which are rows of small protrusions with high aspect ratio; their non-iridescent counterparts (Ser. 
campestris and Phy. pronunculina in Figure 10) have underdeveloped protrusions with low 
aspect ratio. The friction coefficient results (Figure 12B) instead showed that the diffraction 
gratings on these two iridescent species could lead to significantly alteration of their friction 
coefficients under both dry and wet conditions compared to their non-iridescent counterparts; 
similarly, these two iridescent species show significantly more hydrophobic wettability 
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properties (Figure 13B) than their non-iridescent counterparts. A generalization could be made 
regarding to the Scarabaeidae species is that the protrusion microfeatures present on the 
iridescent species could lead to significant increase in the degree of hydrophobicity and could 
modify the frictional properties of the beetle surface. The cross-sectional images of Ser. sericea 
and Ser. campestris in Figure 10 show that the high aspect ratio of protrusions on Ser. sericea 
could make the real contact area between the elytron and the countersurface to be only at the tips 
of the protrusions, while the Ser. campestris surface is mostly flat, thereby making the surface 
roughness and real contact area of these two species significantly different, leading to 
significantly different friction coefficients and degrees of wettability.  
The pair of species within Staphylinidae family, Phi. cyanipennis and C. canescens has 
similar surface sculpturing features as the two Carabidae pairs (Figure 10). Although the friction 
coefficients (Figure 12C) of these two species under both dry and wet conditions are similar, 
while the goniometry results (Figure 13C) showed that the iridescent species is much more 
hydrophilic than its non-iridescent counterparts, which is a different trend from those of 
Carabidae species. The reason for this disagreement could be that for Staphylinidae species, the 
body parts tested were tergites rather than elytra, so the material properties of the cuticle are 
different. Another possible reason can be related to the setae that are only abundant on the 
tergites of Staphylinidae species. The setae, which could have drastically different tribological 
properties and wettability compared to abdominal cuticle, are in contact with paper or water 
during friction experiment and goniometry measurements, making the results affected by setae 
rather than the cuticle only. Future works could be done to the Staphylinidae species to 
investigate the effect of diffraction gratings more comprehensively, such as to rub off all the 
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setae present on the tergites before conducting friction coefficient and goniometry 
measurements. 
11.2 THEORETICAL CALCULATION OF NET ADHESION FORCE 
Another way to connect the degrees of wettability of these beetle species with their 
sliding behaviors against wet media is through the adhesion force they experience from the 
interaction with water layer present on a wet surface. It is generally understood that surfaces with 
more hydrophobicity experience less adhesion force to water; however, another key factor is the 
surface area in contact with water. According to Eq. 22, the more hydrophobic species might 
experience same, or even larger meniscus forces if they have larger principal radii dimensions. 
When taking buoyancy force into account, it makes the scenario more complicated, and therefore 
a theoretical calculation is needed to analyze the net adhesion force. The theoretical calculation 
is able to predict the net adhesion force within the same order of magnitude, shown in Figure 14. 
It can be observed that for many contrasting pairs, the theoretical calculation overestimates the 
net adhesion measured from tribological experiments. This happens for species with sizes 
relatively large (cross-sectional area > 30 mm2) or small (cross-sectional area < 20 mm2). The 
reason for this overestimation could be because of misalignment in the tribometer setup, leading 
to non-constant water layer thickness (h) and meniscus height (s), which makes the theoretical 
calculation less accurate. Another explanation of this overestimation could be that, since the 
elytra/tergites pieces usually span a small portion of the whole beetle body, the calculated 
meniscus-cross cut area, which is based on the curvature dimensions of the beetle body, may 
surpass the projected area of the elytra/tergites piece, especially for small species. As a result, the 
real projected area of meniscus would be smaller than theoretical calculation, leading to 
overestimation of the net adhesion force. 
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Comparing the measured net adhesion force within each contrasting pairs, it could be 
found that most iridescent species experience similar net adhesion force as their non-iridescent 
counterparts (Figure 14), although they have larger dimensions (Table 3). For the pair of 
Phyllophaga spp., the iridescent one has much smaller net adhesion force. This would be due to 
the change of their hydrophobicity compared to their non-iridescent counterparts. The presence 
of diffraction gratings, especially on Scarabaeidae species, could lead to significantly more 
hydrophobic body surfaces; therefore, they are able to experience less force due to water that 
opposes their motion while having larger body sizes. 
11.3 LIMITATIONS AND RECOMMENDED FUTURE WORK 
 This work introduces and affirms multifunctional aspect of exoskeletal surfaces of 
insects, but some limitations are identified. Firstly, the species studied in this work only cover a 
very small portion of the beetle species that carry diffraction gratings on their body surfaces; this 
makes the generalization regarding to the change of wettability and tribological behavior 
applicable to the species studied in this work only. Although the trends can be explained by the 
change of roughness and contact area due to the surface sculpturing observed in Figure 10, more 
species should be tested to make generalized conclusions. Secondly, all tests and measurements 
were performed on the original, untreated beetle surfaces. This would not rule out the possibility 
that the chemical composition of the cuticle is different for different beetle species, which would 
affect material properties. A recommendation for future work would be to perform tribological 
tests on surfaces that have same material properties with the surface sculpturing specific to each 
species, in order to make sure that any alteration of frictional and wettability properties are 
related to the microfeatures on the surfaces rather than the material properties of them. A 
reasonable way to create surfaces of different species with same material properties is to sputter-
65 
 
coat the surfaces with a metallic coating such as Au/Pd, prior to conducting any experiments and 
measurements. Finally, this work only studies frictional behavior of the beetle surfaces against 
fibrous surfaces, which is represented by laboratory filter paper. Future works need to address 
their properties on other types of surfaces that ground-beetles frequently contact, such as rock 
surfaces and soils. These future works would build on and extend beyond this work, to provide 
more comprehensive perspective on the tribological and wettability properties of diffraction 
gratings on beetles. 
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CHAPTER 12: CONCLUSION OF PART 2 
• The friction coefficient between the elytra/tergites surface and fibrous paper surface is at 
least 2x under wet condition than in under dry condition. It does not depend on the 
sliding speed. 
• For species within different families, the features present on elytron/tergite surface 
sculpturing of the iridescent species (as well as those of their non-iridescent counterparts) 
have different patterns. The effects of possessing diffraction gratings on frictional and 
wettability properties therefore also vary across different families.  
• For the Carabidae species, the surface sculpturing patterns on iridescent elytra are parallel 
grooves; those on non-iridescent elytra are cellular hexagons. This type of surface 
sculpturing on iridescent species does not elicit varying tribological and wettability 
properties compared to their non-iridescent counterparts. 
• For the Scarabaeidae species, the surface sculpturing patterns on iridescent elytra are 
rows of small protrusions; those on non-iridescent elytra are flatter and irregular 
protrusions. This type of surface sculpturing makes the elytra of iridescent species 
significantly more hydrophobic and have significantly distinguished friction coefficients, 
compared to their non-iridescent counterparts. 
• The Staphylinidae species do not follow the above trend. Their surface sculpturing 
patterns are similar to Carabidae species, but the iridescent species is much more 
hydrophilic. There is no varying friction coefficient for the two species in the 
Staphylinidae contrasting pair. 
• The measurement of principal radii of the species studied, following the spheroid 
modeling, shows that all species are more curved in the direction transverse to the body. 
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In addition, the iridescent species generally have larger dimensions than their non-
iridescent counterparts. 
• Under wet condition, the interaction between the surfaces and water causes a friction 
force intercept during the fitting process that determines friction coefficient. The 
theoretical calculation combining meniscus force and buoyancy force is able to predict 
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